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A standard single-mode optical fiber, coated with low-index polymer (Cytop), then a thin Au sheath, immersed in
fluid, is proposedas a structure for optical (bio)chemical sensing. Thehighest-orderEH1m claddingmodes are found
to couple strongly to long- or short-range surface plasmons on the Au sheath, forming coupled modes that are
sensitive to the refractive index of the fluid or to a biochemical adlayer formed on the outer surface of theAu sheath.
Interrogation of the modes can be achieved with the help of a tilted grating photoinduced into the core of the fiber.
We demonstrate experimentally, in this manner, the excitation of these modes, and their use for bulk sensing.
Furthermore, negative bulk sensitivity was observed for some leakymodes beyond cutoff. © 2014Optical Society
of America
OCIS codes: (240.6680) Surface plasmons; (060.2370) Fiber optics sensors.
http://dx.doi.org/10.1364/JOSAB.31.002354
1. INTRODUCTION
Surface plasmon resonance biosensors have been the subject
of intense research over many years [1]. Surface plasmon
sensing on Au surfaces remains the leading approach for
label-free biosensing, due mostly to the high surface sensitiv-
ity of these waves, the chemical stability of Au, and the
availability of well-understood surface chemistries for Au
(e.g., thiols). Transducer architectures for surface plasmon
sensing are highly varied, having evolved greatly from the
Kretschmann–Raether prism-coupling configuration forming
the basis of most commercial systems. Among the various ar-
chitectures proposed, optical fiber surface plasmon sensors
are attractive because they can be lightweight and compact,
and their optical interrogation is straightforward given the
ease with which fibers are coupled to components or instru-
mentation [2]. Indeed, one may leverage abundant telecom-
munications technologies to enable a compact fiber-based
sensing solution.
An approach for fiber-based surface plasmon sensing con-
sists in coating an optical fiber, in which a grating has been
photoinduced, with a thin metal sheath, usually Au, then car-
rying out wavelength interrogation [3–8]. The grating is used
to couple incident light propagating in the core to cladding
modes that are hybridized with surface plasmons localized
on the outer surface of the Au sheath and in contact with
the sensing medium. Long-period gratings [3], standard
(short-period) gratings [4,5], and tilted gratings [6–8] have
been proposed and explored theoretically and experimentally.
Tilted gratings seem particularly promising because coupling
to specific plasmon-hybridized cladding modes can be
achieved by precisely controlling the angle of the tilt plane.
Furthermore, the strength of the coupling can be adjusted
via the grating length to allow core light to emerge, thus pro-
viding a reference signal independent of the sensing medium
that can be used to remove unwanted perturbations such as
source fluctuations and stress or temperature variations [9].
The surface plasmons that hybridize with optical fiber clad-
ding modes in sensors reported to date [3–8] are single-
interface surface plasmon polaritons (SPPs). Single-interface
SPPs have high loss, leading to a broad resonance envelope
overlapping with several cladding modes, as is typically ob-
served under wavelength interrogation. Broad resonances
are difficult to monitor in time, which limits the achievable
resolution (detection limit) of the sensor. A potential improve-
ment could be achieved if long-range surface plasmon polar-
itons (LRSPPs) [10] were used instead of single-interface
SPPs. LRSPPs are less confined and less surface sensitive
but their attenuation can be one to three orders of magnitude
lower, depending on the structure, leading to significantly
longer optical interaction lengths, or narrower resonances
under wavelength interrogation, which ultimately produces
a sensor with greater transducer (overall sensitivity [11].
Indeed, LRSPPs have been successfully used in several
biosensing demonstrations in prism-coupled [12–16] and
waveguide geometries [17–20].
The bound [21], leaky [22], and hybrid [23] modes of cylin-
drical structures, consisting of a metal film wrapped around a
core and bounded by cladding, were investigated theoreti-
cally. For the situation where the cladding refractive index
is the same as that of the core, an LRSPP comparable with
the sb mode of the flat symmetric metal slab propagates
[21]. Some of the modes in the cylindrical structure evolve
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into the symmetric (LRSPP) or asymmetric (short-range SPP,
SRSPP) modes of the associated flat metal slab sb; ab when
the radius is large. Other than these studies, SRSPPs
and LRSPPs on cylindrical structures have remained largely
unexplored.
In this paper, we investigate theoretically the modes sup-
ported by a standard single-mode optical fiber (SMF-28 [24]),
coated with a low-index polymer (Cytop [25]), then by a thin
Au sheath, with the structure immersed in an aqueous sensing
solution. We determine the conditions under which cladding
modes of the fiber couple (hybridize) to LRSPPs on the metal
sheath, and we determine the bulk and surface sensitivities of
these coupled modes. Additionally, we demonstrate experi-
mentally the excitation of these modes via a tilted fiber Bragg
grating written into the core of a fiber, and their use for bulk
sensing.
2. THEORETICAL
A. Structure of Interest
Conventionally, LRSPPs are supported on a thin flat metal film
bounded by dielectrics of approximately the same refractive
index [10]. Inspired by the flat structure, we propose the cylin-
drical structure sketched in front cross-sectional view in Fig. 1.
Anticipating operation at λ0 ∼ 1550 nm, we adopt SMF-28 [24]
as the fiber upon which the structure is based, thus setting
the core and cladding refractive indices and radii to specific
values, n1  1.4504, n2  1.444024, r1  4.15 μm, and r2 
62.5 μm. Given that biosensing media are generally aqueous,
an intervening layer of low refractive index is needed in order
to provide approximate index symmetry about the metal
sheath. The material assumed for the intervening layer is
Cytop [25], a fluoropolymer of refractive index close to that
of water (an alternative material is Teflon, which also has a
suitably low refractive index [10]). The thickness of the inter-
vening Cytop layer is denoted d, and its index is taken as
n3  1.3335 [25]. An Au sheath of thickness t and refractive
index n4  0.55−j11.5 [26] then completes the structure.
As demonstrated in the experimental part, the intervening
Cytop layer can be deposited onto the fiber cladding via
dip-coating and curing, and the Au sheath by metal sputtering
or evaporation using, e.g., a rotating holder to expose the full
fiber circumference during deposition.
The formation of a biochemical adlayer on the outer sur-
face of the Au sheath is modeled as an effective continuous
dielectric film of thickness a and refractive index na  1.5.
The structure is assumed immersed in an aqueous sensing
medium of refractive index close to that of Cytop, n5 
1.3335 ( n3), which can be achieved by mixing buffer with
glycerol or by using appropriately salted solutions [27].
The structure of interest is thus comprised of six concentric
layers. Explicit equations can be used to model up to four
layers [28], but beyond this a numerical scheme is required.
We developed the transfer matrix method (TMM) [29] in cylin-
drical coordinates [30] to form dispersion equations from
which roots, corresponding to modal effective indices, are
obtained numerically. The metal layer introduces a complex
refractive index into the dispersion equations, which then
makes the roots complex. This makes it difficult to find
roots, especially those of the cladding modes, which have non-
negligible imaginary parts. Consequently, we solve the
dispersion equations via Cauchy’s integration method [31]
and further polish the roots to a higher accuracy (10−15) by
Mueller’s method. The formulation is vectorial, general, and
applicable to multilayer step-index cylindrical structures of
arbitrary refractive index profile, incorporating lossless, lossy,
or gain materials. A vectorial formulation is necessary to
model rigorously the effects of the metal sheath on the fiber
modes. For convenience, we also used a commercial finite-
difference complex mode solver in cylindrical coordinates
(FIMMWAVE, Photon Design Inc.).
B. Modes in Gold-Coated Multilayer Step-Index Fibers
Several sets of computations were performed as a function of
d and t in order to determine good thicknesses for these
layers, and understand modal evolution with these dimen-
sions. Table 1 in Appendix A lists the propagation constant
(effective index—neff , mode power attenuation—MPA) of
the first 45 HE1m modes and the first 45 EH1m modes, follow-
ing the standard nomenclature of optical fibers [32], for a good
design consisting of d  3 μm and t  20 nm (no adlayer,
a  0). The modes become increasingly delocalized from
the core with increasing mode number m, and are cut off
for m > 45. Thus, neff decreases with increasing m, and the
MPA increases because the modes increasingly interact with
the metal sheath.
The effective index of the LRSPP on a flat metal film is close
to the refractive index of the cladding, so cladding modes,
having an effective index close to the refractive index of
Cytop and the sensing medium, are expected to couple with
the LRSPP. Indeed, one notes from the data in Table 1 that this
occurs at very high mode order close to cutoff (m > 40). It is
also noted that the EH modes have a higher MPA than the HE
modes, suggesting that the former couple more strongly with
the metal sheath. This is not surprising because the EH modes
have mainly a radial transverse electric field, which is every-
where normal to the metal sheath and, thus, should couple
more strongly (in analogy to TM modes in planar structures).
Conversely, the HE modes have mainly an azimuthal trans-
verse electric field, which should not couple strongly with
the sheath (in analogy to TEmodes in a planar structure). This
behavior has been noted previously for the case of cladding
modes coupling to the single-interface SPP on a metal
sheath [7,33,34].
Fig. 1. Single-mode optical fiber n1; n2, coated by a layer of Cytop
(n3), a thin Au sheath (n4), and a biochemical adlayer (na),
surrounded by a sensing solution (n5).
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Figure 2 plots the imaginary part of the effective refractive
index of the modes with azimuthal orders 0 and 1 versus their
real part for t  50 nm (d  3 μm, n5  1.3335  n3). To ob-
tain a clear representation, the modes were sorted according
to their symmetry (TE0m and HE1m for azimuthally polarized
modes and TM0m and EH1m for radially polarized modes). The
SRSPP and LRSPP can be readily identified by their strong
localization to the gold sheath and their higher imaginary parts
of effective index with respect to neighboring modes.
Figure 3 plots the effective index and the MPA of a few of
the highest order HE1m and EH1m modes for d  3 μm and
a  0 as a function of the Au sheath thickness t. From this
figure, we note that the HE1m modes change very little with
t, whereas the EH1m modes show a strong dependence, par-
ticularly for m  43 and 44.
Figure 4(a) shows the radial distribution of the Er field
(radially oriented electric field) of the four highest-order
EH1m modes for t  20 nm (d  3 μm, a  0). Many modes
are perturbed by the Au sheath but only a few hybridize with
SPPs located thereon. In particular, it is noted that the EH1 44
and EH1 45 modes are, in fact, coupled modes formed from the
hybridization of a cladding mode with the LRSPP of the Au
sheath (the symmetric field distribution of the LRSPP about
the metal sheath is characteristic of the latter). We plot in
Fig. 4(b) field distributions in expanded view near the Au
sheath for different thicknesses t and note that lower-order
EH modes successively couple to the LRSPP as t increases:
for t  40 nm, the EH1 45 and EH1 44 modes are strongly
coupled to the LRSPP; for t  60 nm, the EH1 44 and EH1 43
modes are strongly coupled to the LRSPP; and for t  80 nm,
the EH1 43 mode is strongly coupled to the LRSPP. It is also
noted that the EH1 42 mode remains coupled to the asymmetric
SPP, as observed from its characteristic asymmetric field
distribution. The asymmetric SPP has a higher loss than the
single-interface SPP [10] and so will produce an even broader
envelope under wavelength interrogation; this mode is thus
referred to as the short-range SPP (SRSPP).
C. Formation of Cladding SPP Coupled Modes
In the previous section, we found that the highest-order EH1m
cladding modes show SPP characteristics. We found that the EH1 42 mode coupled to the SRSPP of the metal sheath and
that the EH1 43 to EH1 45 modes coupled to the LRSPP depend-
ing on the sheath thickness; i.e., some of the EH modes
coupled to the SRSPP, whereas another set of EH modes
coupled to the LRSPP. It is important to understand how such
coupling is determined.
The structure is comprised of a pair of concentric longitu-
dinally coupled waveguides: the core with cladding forms one
waveguide n1; n2, and the Cytop Au surrounding forms an-
other n3; n4; n5. We thus investigate the modes of two similar
waveguides in order to understand the formation of coupled
modes in the full structure: the first waveguide is a cylindrical
structure comprised of a core and cladding n1; n2 of the
same indices and radii as before but in an infinite surrounding
dielectric of index n5  1.3335 ( n3). The second waveguide
is a planar slab comprised of semi-infinite cladding (n2),
Cytop (n3), Au (n4), and semi-infinite surrounding dielectric
n5  1.3335 ( n3). Modeling the second structure as a slab
is justified by the fact that the SPP modes supported on the
metal sheath of the cylindrical structure are confined thereon,
and the radius of the cladding is very large (r2  62.5 μm), so
their fields decay well before the core.
Fig. 2. Imaginary part of the effective refractive index versus the real
part of modes supported for the case d  3 μm and t  50 nm im-
mersed in a Cytop-matched surrounding medium (n5  1.3335  n3).
Fig. 3. (a) Effective index and (b) MPA of the highest order HE1m
and EH1m modes as a function of the thickness of the Au sheath t.
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Figure 5 plots the effective index of the highest-order EH1 41
to EH1 44 modes of the cylindrical structure and of the SRSPP
and LPSPP modes of the slab for d  3 μm. (As noted earlier,
the HE modes are polarized such that they do not couple very
strongly with SPP modes; they are thus not considered.)
Figure 5 shows that the LRSPP (SRSPP) effective index
and MPA decrease (increase) with decreasing t as expected
[10]. The MPA of the LRSPP is higher than those of the
EH1m coupled modes of the full structure [Fig. 3(b)] because
the fields are more confined near the Au film of the slab,
whereas in the full structure, the EH1m coupled modes have
significant field away from the Au sheath, within the core and
cladding (Fig. 4). Figure 5 also shows that the LRSPP couples
with the EH1 44 and EH1 43 cladding modes, whereas the
SRSPP couples with the EH1 42 and EH1 41 cladding modes,
as determined by the proximity of their phase constants at
specific Au thicknesses; i.e., the strength of the coupling be-
tween modes is determined by the degree of phase (effective
index) matching among them.
To further understand the formation of coupled modes, we
superpose the effective index of the modes in the constituent
waveguides (Fig. 5), with those of the modes in the full
structure [Fig. 3(a)], and replot as Fig. 6. Figure 6 shows that
the Au sheath increases the effective index of the EH1m
coupled modes relative to the modes of the constituent cylin-
drical structure; indeed, the EH1 45 mode is cut off in the con-
stituent structure but bound (as a coupled mode) in the full
structure for t > 20 nm. For t < 15 nm, the LRSPP is cut
off, and the modes of the full structure are essentially the
same as those of the constituent cylindrical waveguide, but
for t > 15 nm the EH1 45 to EH1 43 modes couple with the
LRSPP. At t  15 nm, the EH1 44 mode begins to couple with
the LRSPP, and for t > 20 nm the EH1 45 mode becomes
guided as a coupled mode. As t increases further, the
EH1 44 and EH1 43 modes successively couple with the LRSPP,
the former strongly for 20 < t < 70 nm and the latter strongly
for t > 70 nm, which are the ranges over which approximate
effective index matching occurs. It is also noted from Fig. 6
that the EH1 41 and EH1 42 modes couple with the SRSPP
but over a smaller range of t.
Fig. 4. (a) Radial distribution of the radially oriented electric field
(Er) of the highest-order EH modes for t  20 nm. (b) Field distribu-
tions near the metal sheath for different cases of sheath thickness:
t  20, 40, 60, and 80 nm. All modes carry arbitrary power.
Fig. 5. Effective index and MPA of the SRSPP and LRSPP modes of
the slab as a function of Au thickness (t) for d  3 μm, and effective
index of the higher-order EH1m cladding modes of the cylindrical
structure.
Fig. 6. Effective index of the higher-order EH1m cladding modes of
the cylindrical structure (dashed lines), of the EH1m coupled modes of
the full structure (solid curves), and of the SRSPP and LRSPP modes
of the slab, as a function of Au thickness t.
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Figure 7 plots the evolution of the difference between the
real part of the effective index of the SRSPP and LRSPP clad-
ding modes, as the Au sheath thickness increases. We note
that the difference is pronounced for small t, as expected.
In particular for t  50 nm, the difference is 0.0138, which
is equivalent to a wavelength separation of ∼7.5 nm in the
spectrum of a TFBG in the C+L bands when taking into ac-
count the phase-matching conditions between the core mode
and corresponding cladding modes [9].
D. Surrounding Refractive Index
We explore the sensing potential of the full structure by first
computing the effective index of the highest-order HE1m and
EH1m coupled modes, as the refractive index of the surround-
ing medium is varied. Figure 8 shows the results for the
case d  3 μm, t  20 nm, and a  0, as n5 ranges from
1.315 to 1.335.
It is immediately apparent from the results that the highest-
order modes eventually cut off as the surrounding refractive
index increases (the cut-off points are indicated by the gray
diagonal given by neff  n5). It is also clear that the HE1m
coupled modes are much less sensitive than the EH1m coupled
modes to changes in the surrounding index. This is due to the
fact that the former do not couple very much with the LRSPP
or SRSPP of the metal sheath (as discussed above), so their
fields do not penetrate very much into the surrounding dielec-
tric. A similar behavior was also noted for the case of cladding
modes coupled to the single-interface SPP [7].
From Fig. 8, we also note that the highest-order EH1m
coupled modes are more sensitive than the lower-order ones,
especially near cutoff, and that their sensitivity depends on
the value of the surrounding index. Indeed, several EH1m
modes have large sensitivities but at different values of sur-
rounding index. This is a useful feature because an EH1m
mode with a large sensitivity exists over a large compositional
range of sensing solutions (n5).
Figure 9 plots the shift in resonant wavelength of the SRSPP
and LRSPP coupled modes (EH1m) over three ranges of sur-
rounding refractive index (n5). The shift was computed by
considering the phase-matching condition of a TFBG of a
period equal to 557 nm [9]. The ranges considered are below,
near, and above the refractive index of Cytop (n3). Figure 9
confirms that a differential modal behavior is obtained, de-
pending on the surrounding refractive index relative to the Cytop refractive index. Near n5  1.3335 [Fig. 9(b)], the
LRSPP and SRSPP coupled modes both redshift, with
sensitivities of 315 and 220 nm/RIU, respectively. When the
surrounding refractive index decreases [Fig. 9(a)], the wave-
length sensitivity of the LRSPP coupled mode increases to
over 500 nm/RIU, while the SRSPP becomes almost insensi-
tive. The opposite trend is observed for large surrounding
refractive indices, as shown in Fig. 9(c).
E. Bulk and Surface Sensitivities
The bulk sensitivity, defined as ∂neff∕∂n5, is determined about
the nominal index n5  1.3335without an adlayer on the fiber
(a  0). The surface sensitivity, defined as ∂neff∕∂a, is deter-
mined about a nominal adlayer thickness a, taken as
a  3 nm. These sensitivities are computed directly by
approximating the defining differentials via Oh2 central
finite-difference formulas [11], using hc  10−4 ≪ n5 and ha 
0.1 nm≪ a as the perturbations (in the notation of [11]).
Fig. 7. Difference between the real part of the effective index of the
SRSPP and LRSPP cladding modes as a function of Au sheath
thickness t.
Fig. 8. Effective index of the highest-order HE1m and EH1m modes as
the surrounding refractive index ranges from n5  1.315 to 1.335. The
gray diagonal line identifies the cut-off points of the modes.
Fig. 9. Difference between the real part of the effective index of the
SRSPP and LRSPP cladding modes as the surrounding refractive in-
dex ranges from (a) n5  1.3190 to 1.3196, (b) n5  1.3336 to 1.3340,
and (c) n5  1.3435 to 1.3443.
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As we are interested in the sensitivities of the coupled
modes that involve the LRSPP, we calculated the bulk and sur-
face sensitivities of EH1 43 to EH1 45 modes as a function of
metal sheath thickness t and give the results in Fig. 10. From
Fig. 10(a), bulk sensitivity peaks are identified for each mode
at different Au sheath thicknesses: the bulk sensitivity of the
EH1 45 mode peaks at 0.54 RIU−1 for t  20 nm, that of the
EH1 44 mode peaks at 0.38 RIU−1 for t  40 nm, and that of
the EH1 43 mode peaks at 0.25 RIU−1 for t  70 nm. The cor-
responding MPAs are 1.11, 6.28, and 10.77 dB/mm, respec-
tively. The combination of the maximum bulk sensitivity of
0.54 RIU−1 with the lowest MPA of 1.11 dB/mm for t 
20 nm suggests that the EH1 45 mode is the best choice for
a biosensor application (where bulk sensing is of interest)
as the largest signal change will be obtained with the narrow-
est wavelength response.
From Fig. 10(b), the surface sensitivity of the coupled
modes peaks at approximately the same sheath thicknesses
t as the bulk sensitivity. The surface sensitivity of the
EH1 45 mode peaks at 2.4 × 10−5 nm−1 for t  20 nm, that of
the EH1 44 mode peaks at 4.5 × 10−5 nm−1 for t  40 nm,
and that of the EH1 43 mode peaks at 3.1 × 10−5nm−1 for
t  70 nm. As the MPAs remain essentially the same as in
the bulk sensitivity, there is a trade-off between the maximum
surface sensitivity and the MPA. The EH1 44 mode has a peak
surface sensitivity (at t  40 nm) that is ∼2× larger than that
of the EH1 45 mode (at t  20 nm), but its MPA is about
6× larger. Thus the EH1 45 mode would be preferred for sur-
face sensing as well due to its narrower wavelength response.
A specific coupled mode (e.g., the EH1 45 mode) can be ex-
cited using a tilted grating photoinduced in the fiber, where
the tilt angle is adjusted to maximize coupling from the core
mode to the coupled mode of interest [9]. In such a scheme,
the mode resonance bandwidth is directly related to the MPA
of the cladding mode excited. Thus, the coupled mode with
the lowest MPA will produce the sharpest resonance, and a
sharp resonance is easier to track over time.
3. EXPERIMENTAL
TFBGs with a 1095 nm period were manufactured into
hydrogen-loaded standard single-mode optical fibers using a
uniform phase mask and a frequency-doubled Argon-ion laser.
The latter was tilted by 8° in the plane perpendicular to the
incident laser beam. After annealing at 100°C over 24 h,
TFBGs were dip-coated into a vial containing Cytop. We used
the Cytop-grade CTL-107 MK provided by Asahi Glass Co.
and followed its suggested dip-coating process to obtain a
Cytop layer of the desired thickness. To ensure a Cytop thick-
ness of roughly 3 μm, three consecutive dip-coatings were per-
formed with intervening bakes in an oven at 50°C for 1 h. After
the final step, an increase in temperature was applied from
50°C to 120°C at a rate of 70°C/h, and the coated gratings
were then left at 120°C for 6 h. Finally, the oven temperature
was reduced to room temperature. This process ensured
a well-baked Cytop layer. Au was then sputtered on the
Cytop surface to form a sheath of 50 nm in thickness, as moni-
tored using a quartz microbalance in the sputtering chamber.
Figure 11 shows a scanning electron microscopy (SEM) image
of a portion of a fiber cross section fabricated in this manner.
The actual Cytop thickness was estimated to be 2.6 μm,
with very good uniformity along the fiber outer surface.
The coated TFBGs were then immersed in a mixture of
water and LiCl, whose concentration was tightly controlled
with respect to the refractive index of Cytop. Figure 12 shows
the p- and s-polarized transmission spectra of a coated TFBG
immersed in a solution of refractive index close to n3 
1.3335 over the wavelength range from 1525 to 1610 nm.
The transmission spectra were obtained using an optical vec-
tor analyzer (CTe, Luna Technologies), which was chosen for
its high wavelength resolution (1.25 pm) and fast scanning
Fig. 10. Sensitivities of highest-order EH1m cladding modes versus
Au sheath thickness: (a) bulk sensitivity and (b) surface sensitivity.
Fig. 11. SEM image of section of optical fiber coated with Cytop and
an Au sheath (coating).
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rate. As for Au-coated TFBGs, the s polarization does not cou-
ple to the Au sheath, and the corresponding transmitted spec-
trum is therefore not impacted. This is not the case for the p
polarization, which clearly displays a plasmonic signature
around 1545 nm (most attenuated mode). An important differ-
ence can be noted with respect to Au-coated TFBGs support-
ing single-interface SPPs [7]: the p polarization exhibits
double resonances in the wavelength range from 1535 to
1542 nm, with an increase of the upper envelope. We attribute
these spectral features to coupling to the LRSPP of the sheath.
As will be shown in what follows, these modes present differ-
ent bulk sensitivities with peak sensitivity for the resonance
located 7.2 nm below the LRSPP, which is in good agreement
with the numerically computed wavelength separation.
Solutions were then prepared to produce different sur-
rounding refractive index ranges near the index of Cytop.
They allowed us to observe different qualitative behaviors
in the sensor operation. For solutions having an index close
to n3  1.3335, the LRSPP and SRSPP modes both redshift,
and the LRSPP has a sensitivity ∼40% higher (115 nm/RIU)
than the SRSPP (68 nm/RIU), as shown in Fig. 13.
Singular behaviors were observed for surrounding refrac-
tive index values well below or above the refractive index of
Cytop. Figure 14 depicts the transmitted spectra in the range
from 1540 to 1550 nm for a solution of index close to 1.35. The
computed shift of each cladding mode resonance is reported
close to the correspondingmode, revealing that the LRSPP red-
shifts with a bulk sensitivity of 186 nm/RIU. Its neighbor on the
left is nearly insensitive. Below this mode, negative bulk
sensitivity is obtained with a maximum for the LRSPP of
−151 nm∕RIU. The opposite behavior is observed for refrac-
tive index values close to 1.31. These unique features are ex-
clusive to the configuration used in this work. We attribute the
observed blueshifts to LRSPP coupled claddingmode behavior
beyond cutoff, i.e., to the leaky modes of the structure. This
behavior was not observed theoretically, as the case of
radiating cladding modes was not considered in our analysis.
The experimental wavelength shifts are smaller than the nu-
merically computed ones. We believe that this is due to devia-
tions in the fabricated structure relative to the modeled one
and to fabrication defects such as surface roughness, which is
not taken into account in the computations. Apart from these
two discrepancies, the experimental observations are well-
confirmed by the computations.
4. CONCLUDING REMARKS
The modes in a standard single-mode optical fiber, coated
with low-index polymer (Cytop), then an Au sheath, immersed
in sensing fluid, were determined and characterized as a func-
tion of polymer and Au thickness and sensing fluid refractive
index. The highest-order EH1m cladding modes couple
strongly to the LRSPP on the Au sheath, forming coupled
(hybridized) modes that are sensitive to the sensing medium
refractive index and to the formation of a thin adlayer on the
outer surface of the Au sheath. The formation of coupled
modes in the structure was discussed in terms of the modes
on a pair of longitudinally coupled concentric waveguides.
The bulk and surface sensitivities of the coupled modes
and their attenuation were computed and discussed, and a
specific design along with an operating mode of interest
was suggested. The structure proposed was integrated with
a tilted grating photoinduced into the core to facilitate
interrogation, and excitation of the modes was demonstrated.
Negative bulk sensitivity was observed for some of the
coupled modes in the leaky regime.
Fig. 12. Insertion loss spectra measured for a coated TFBG im-
mersed in a salted mixture under s- and p-polarized interrogation.
Fig. 13. LRSPP and SRSPP cladded mode wavelength shifts mea-
sured as a function of the surrounding refractive index close to the
index of Cytop (n5 ∼ n3).
Fig. 14. Evolution of the transmission spectrum and corresponding
refractometric shift measured for several surrounding solutions
having a refractive index higher than that of Cytop (n5 > n3).
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